Abstract In this work, the thermal and spectroscopic properties of 3d-metal (Co, Cu, Zn, Mn, Ni, Fe) and sodium salts with cinchomeronic acid (3,4-pyridinedicarboxylic acid) (3,4pda) and dinicotinic acid (3,5-pyridinedicarboxylic acid) (3,5pda) were studied. The IR and Raman spectra were registered and analyzed in the range of 400-4000 cm -1 . The thermogravimetric study of synthesized compounds was done. The degree of hydration and the products of thermal decomposition were estimated. Moreover, it was done the comparison between the effect of 3d-transition metal cations and sodium cation on the degree of perturbation or stabilization of the electronic system of pyridine molecule depending on the position of carboxylic group in the ring.
Introduction
Pyridinecarboxylic acids (picolinic, nicotinic and isonicotinic) are biologically important ligands incorporated into some enzymes, and they are active agents in some drugs as well [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . In our previous work, we examined the effect of different metals (alkali [19] [20] [21] , alkaline earth [22] , 3d-metals [23] ) on the electronic system of pyridinecarboxylic acids. Research shows that alkali and heavy toxic metals with low ionic potential disturb the aromatic system, while the 3d-transition metals stabilize the aromatic system pyridinecarboxylic acids.
This work is a continuation of our investigations on the metals effect on the electronic structure of pyridinecarboxylic acid. The study of metal complexes with nicotinic acid and cinchomeronic acid has shown that these complexes can have different types of metal-ligand coordination [24] [25] [26] . Whitfield et al. [24] studied the complexes of cobalt and nickel with 3,5-pyridinedicarboxylic acid. The complex of cobalt (CoLÁ2H 2 O) is monodentate binding. However, in the nickel complex (NiLÁH 2 O), there are two types of bonds: monodentate and bidentate chelating. Łyszczek and Mazur studied the structures and thermal properties of lanthanide dinicotinates [25] . Studies have shown that the lanthanides form the types of coordination, such as monodentate, bidentate bridging and chelating bidentate. In the structure of calcium dinicotinate, there are two types of bonds-monodentate and bidentate chelating Starosta et al. [26] . In the structure of manganese cinchomeronate, there are two types of bonds-monodentate and bidentate bridging Tong et al. [27] .
The specific objectives of the present study (along with the purpose of implementing the above-mentioned broader theme) are to:
1. determine the composition studied complexes on the basis of elemental analysis and thermogravimetric data 2. propose the structure of the compounds on the basis of FT-IR and Raman spectral data 3. compare the change in electronic charge distribution as a result of complex formation.
In the present work, the impact of 3d-metals on the electron system of pyridinedicarboxylic acids (dinicotinic and cinchomeronic acids) ( Fig. 1 ) was examined and thermal properties of metal complexes of these acids were determined.
Experimental
Sample preparations 3,4-pyridinedicarboxylates (3,4-pdc) and 3,5-pyridinedicarboxylates (3,5-pdc) of 3-d metal ions were prepared in water solution by adding disodium salts of each ligand to appropriate amount of 3-d metal chlorides at 80°C with continuous stirring for 2 h (molar ratio of sodium salts of ligands to the metal chlorides was 1:1 in case of divalent metal ions and 1.5:1 in case of trivalent metal). The mixtures were left for 24 h at room temperature. The precipitated solids were filtered off and washed with water to eliminate chloride ions. Disodium salts were obtained as microcrystals by adding the of sodium hydroxide solution (0.1 M) to the stoichiometric amount of acid (molar ratio of ligand to the sodium hydroxide: 1:2). Salts were slowly evaporated at room temperature. After precipitation, the salt microcrystals were filtered and washed with a small amount of deionized water. Purity of the salts and complexes was confirmed by elemental analysis and IR spectra analysis. Substances were dried at 30°C under atmospheric pressure.
Methods
The FT-IR spectra were recorded with an Alfa (Bruker) spectrometer within the range of 400-4000 cm -1 . The samples in the solid state were measured in KBr matrix pellets. FT-Raman spectra of solid samples were recorded in the range of 400-4000 cm -1 with a MultiRam (Bruker) spectrometer. Thermogravimetric analyses were conducted on the Setsys 16/18 analyzer in dynamic air atmosphere. Therefore, 6.0-8.0-mg samples were heated in the range of 30-800°C in the ceramic crucibles using the heating rate of 10°C min -1 . The TG, DTG and DSC curves were registered. The elementary analysis was carried out using the CHN 2400 PerkinElmer Analyzer. The water content was determined from the thermogravimetric curves.
Results and discussion

Elemental analysis
The composition of the synthesized complexes was determined by elemental analysis. The data are gathered in Tables 1 and 2 . All the complexes prepared in accordance with the procedure presented in experimental section were hydrated. It was confirmed by thermal analysis. Complexes of manganese and zinc as well as sodium salts were white similarly as the ligands from which they were synthesized. Other complexes were colorful. The obtained complexes were poorly soluble in water. Synthesis was carried out several times to give a reaction yield of 60-80 %. The reaction yields for the different complexes are given in Tables 1 and 2 . Generally, the complexes of both series decompose in a similar way when heated in the two ground stages: the first stage is dehydration of the complexes with formation of more or less stable anhydrous compounds, and the second stage is decomposition of anhydrous compounds connected with oxidation of organic ligands and formation of metal oxides as residues.
The first stage the endothermic processes of dehydration occur for the majority of complexes in only one step at low temperatures with the onset temperatures of water evaporation of the hydrates in the range of 333-343 K. Their value points to outer-sphere character of water molecules in the structure of complexes. However, higher temperature of dehydration at 423-503 K as it takes place in the case of Spectroscopic (IR, Raman) and theffirmogravimetric studies of 3d-metal cinchomeronates and… 1523
Mn(3,5-pdc)(H 2 O) 2 complex points to the inner-sphere water molecules [28] [29] [30] . There are some complexes for which the dehydration is of double-stage character as for Co (3,5- Temperature/K connected with a loss of outer-sphere water, but dehydration at higher temperatures (398 and 493 K) is connected with a loss of coordination, inner-sphere water in the complex structures. Similarly to the Co(II) complex, two peaks on the DTG and DSC curves as well as calculated and found loss of mass allow to determine the formulae of complexes as [Ni (3,4- 
Analysis of the TG/DTG curves course indicates that after dehydration the formed anhydrous complexes are not generally stable and the TG curves show a slight but systematic loss in mass. The complex of Mn(II) is the most stable in the series of complexes with 3,4pda ligand (Fig. 2a) , while the complexes of Mn(II) and Zn(II) are the most stable in the series with 3,5-pda ligand (Figs. 2b and 7b ). The complexes of 3,5-pda ligand seem to be more stable, and the onset temperatures for the decomposition of the anhydrous compounds, except for Fe(III) and Cu(II), are higher than those for 3,4pda ligand about 50-90 K (Tables 3 and 4) . It can be due to more symmetric charge distribution in the complexes with 3,5-pdca ligand.
The anhydrous compounds of Mn(II), Fe(III), Co(II) and Ni(II) with 3,4pda and 3,4pda ligands above 600 K decompose in one step which correspond to the sharp exothermic peaks at about 700 K which can be also attributed to oxidation of organic matter and the gaseous products that evolve during thermal decomposition. In the case of Ni(3,4-pdc) complex (Fig. 5A) , the exothermic peak splits into two. Processes of decomposition of anhydrous Cu(II) complexes of both ligands proceed in two stages (Fig. 6a, b) . In both cases, the first step is connected with about 40 % mass loss and the second one leads to CuO formation. The first step is attributed to small, but the second to large exothermic effects. The large effect is attributed to the oxidation of carbonaceous residue, formed in the former step [31] . Spectroscopic (IR, Raman) and theffirmogravimetric studies of 3d-metal cinchomeronates and… 1525
Thermal decomposition of both Zn(II) complexes proceeds in a different way. The Zn(3,4-pdc)ÁH 2 O complex at 573 K undergoes decomposition and oxidation with two exothermic effects and next oxidation of carbonaceous residue with the exothermic effect at 873 K. The Zn(3,5-pdc)ÁH 2 O complex is more stable, and at the temperature higher by about 100 K decomposition and oxidation take place in one step without intermediates products. In all complexes of both series, the total mass loss above 800 K corresponds to formation of metal oxides (MO; Fe 2 O 3 ) as final residues.
Additionally the simultaneous TG/DTG/DSC curves in dynamic dry air atmosphere of free 3,4-pyridinedicarboxylic and 3,5-pyridinedicarboxylic acids are presented in Fig. 8a, b . In both cases, these curves show total mass loss due to heating but in one step for 3,4-and in two steps for 3,5-pyridinedicarboxylic acid. The beginning of mass loss for 3,4-pdc acid starts at 473 K, and the maximum of mass loss is observed at 558 K with the simultaneous large endothermic effect with the maximum at 563 K. At 573 K the process is over. The endothermic peak at 563 K on the DSC curve is attributed to the melting of acid and partial evaporation as well as decarboxylation and decomposition [31, 32] . The 3,5pda is more stable, and the beginning of mass loss is observed at 523 K with the maximum at 608 K and the endothermic effect at 623 K. At 633 K the carbonaceous residue is formed and the exothermic peak at 753 K is attributed to its oxidation. Disodium 3,4-and 3,5-pirydinedicarboxylates were necessary as the models for spectroscopic examination of complexes. They were obtained both as monohydrate microcrystalline compounds, but their thermal properties differ significantly. The thermal analysis of Na 2 (3,4-pdc)ÁH 2 O exhibits three mass loss steps. The lower temperature mass (8.0/7.9 %) at 423-493 K corresponds to the dehydration with a loss of one molecule of water resulting in the endothermic peak. Anhydrous compound is stable to about 693 K. In this range of temperatures, the salts Na 2 (3,4-pdc)ÁH 2 O and Na 2 (3,5-pdc)ÁH 2 O exhibit the same way of decomposition but the anhydrous salt Na 2 (3,5-pdc) is a bit more stable (up to 723 K). Further heating causes gradual decomposition and oxidation of anhydrous salts but in different ways. The anhydrous salt Na 2 (3,4-pdc) decomposes in two steps with the mass loss at range of 733 K and about 873 K. The exothermic process with three peaks at 760; 765; and 773 K is attributed to oxidation of the organic matter and gaseous products evolved during the thermal decomposition and oxidation. In the case of Na 2 (3,5- Spectroscopic (IR, Raman) and theffirmogravimetric studies of 3d-metal cinchomeronates and… 1527 53.19 %) suggests the formation of sodium carbonate ( Fig. 9b ; Table 4 ).
IR and Raman spectra
After metal complexation by 3,4-pyridinedicarboxylic and 3,5-pyridinedicarboxylic acids, some characteristic changes in the IR and Raman spectra of ligand and metal complexes occurred. It was caused by changes in the electronic charge distribution in ligand and complex molecules. In the ( Fig. S1 and S2 ) spectra of 3d-metal complexes the bands assigned to the stretching vibrations of the carboxylate anion occurred, whereas the bands derived from the C=O and C-O disappeared (these bands were present in the spectra of ligand) ( Table 5 ). In the spectra of 3,4-pyridinedicarboxylates the strong bands (IR) and 427 cm -1 (Raman). On the basis of the differences between the wave numbers of the asymmetric and symmetric stretching vibrations of the carboxylate anion COO -, some assumption on the type of metal-ligand coordination might be stated [33, 34] . Especially the parameter Dm = m as COO --m sym COO -might be useful [33] . In the spectra of 3,4-and 3,5-pyridinedicarboxylates, more than one band assigned to the stretching vibrations of the carboxylate anion were present. In some cases, these bands differed in the values of their wave numbers which was caused by the possibility of different type of metal coordination in one metal complex (Table 5) (Fig. 10) . On the basis of the Dm(COO -), it was concluded that in the copper 3,4-pyridinedicarboxylate two type of copper ion coordination occurred, i.e., bidentate bridging and monodentate. In the Mn, Fe, Ni and Co 3,4-pyridinedicarboxylates and Mn, Fe, Co, Ni, Cu and Zn 3,5-pyridinedicarboxylates, the metal ion was coordinated by the bidentate chelation type of bonding. In the case of Zn 3,4-pyridinedicarboxylate, the monodentate type of coordination existed.
The effect of metal ions on the electronic system of ligands was studied on the basis of the differences between location of bands assigned to the aromatic ring vibrations in the IR and Raman spectra of ligands and their metal complexes. The decrease in the wave numbers of these bands or decrease in their intensities or their disappearance shows destabilization of the aromatic system of ligand by metal ion. In the spectra of 3,5-pyridinedicarboxylate (Table 6 ), most bands assigned to the ring vibrations were located at higher wave numbers comparing with the appropriate band in ligand (i.e., in the case of 19b, 12, 17b in the IR and Raman spectra; deforming in-plane vibrations of bCH). In the spectra of metal complexes, some bands occurred (they were absent in the spectra of ligand), i.e., 8b (IR) and 8b, 3 and 19b (Raman). Some bands were shifted toward lower wave numbers comparing with ligand (18b, 18a, mCN and cCH in IR spectra). In the spectra of sodium 3,5-pyridinedicarboxylate, more bands disappeared compared with other metal complexes. In the spectrum of sodium salt, the wave numbers of some bands decreased in their values compared with the spectrum of 3,5-pyridinedicarboxylic acid, whereas in the spectra of 3d-metal complexes wave numbers of some bands increased in comparison with the spectrum of ligand.
In the spectra of 3,4-pyridinedicarboxylates (Table 7) , bands no. 8b, 19a, 3, mCN, bCH, 12, cCH, 6a (IR) as well as 8b, 19a, 3, 12, 17b, mCN and 6a (Raman) were located at higher wave numbers comparing with the appropriate ones in the spectrum of 3,4-pyridinedicarboxylic acid. Whereas bands no. 9a, 18b and cCH (IR) and 19a, 8a (Raman) were shifted toward lower wave numbers comparing with ligand. Bands no. 19b and 6b (IR) as well as 19b and cCH (Raman) were present in the spectra of acids and disappeared in the spectra of complexes.
Comparing the IR and Raman spectra of 3,4-and 3,5-pyridinedicarboxylic acids and their 3d-metal complexes, it could be concluded that 3d-transitional metal stabilized the electronic system of ligands (similarly as it was stated in the case of 3d-metal complexes of pyridinemonocarboxylic acid, i.e., picolinic acid) [22] . 3d-Metals strongly affected the electronic system of 3,4-pyridinedicarboxylic acid than 3,5-pyridinedicarboxylic acid (on the basis of the changes in the location and intensity of the aromatic ring vibrations in the spectra of ligands and complexes). The carboxylic groups in the 3,5-pyridinedicarboxylic acid are symmetrically located taking into account the location of the nitrogen atom in the aromatic ring. This causes a symmetric distribution of the electronic charge in the molecule of 3,5-pyridinedicarboxylic acid. In the case of 3,4-pyridinedicarboxylic acid, the carboxylic groups are unsymmetrically located which translates into unsymmetrically distributed electronic charge in 3,4-pyridinedicarboxylic acid molecule. The differences in the location of the carboxylic groups and the electronic charge distribution in pyridinedicarboxylic acids cause that 3d-transition metal ions in different way affect the molecular structure of studied ligands. This causes different physico-chemical and thermal properties of studied metal complexes. The similar conclusion was described in the papers devoted to the salts and metal complexes of 2, 3-and 4-pyridinecarboxylic acids [19, 20] .
Conclusions
The thermal decomposition of the two series of hydrated complexes of Mn(II), Fe(III), Co(II), Ni(II), Cu(II) and Zn(II) with 3,4-and 3,5-pyridinedicarboxylic acids is a multistage process. At first the complexes lose all water molecules in one or two steps which are connected with endothermic effects. After dehydration, in the next stages, the anhydrous complexes decompose exothermally which can be also attributed to oxidation of organic matter and the gaseous products evolved during thermal decomposition. Finally, metal oxides are formed. Larger thermal stability is observed for anhydrous complexes of 3,5-pda ligand which can be a result of more symmetric structure and charge distribution of this ligand contrary to the thermal stability of 3,4-pda series. The differences in the location of the carboxylic groups and the electronic charge distribution in pyridinedicarboxylic acids cause that 3d-transition metal ions in different way affect the molecular structure of studied ligands. This causes different physico-chemical and thermal properties of studied metal complexes.
